Polyacrylamide hydrogel friction controlled by time-dependent surface energy due to poroelastic relaxation by Reale, Erik Richard
  
 
POLYACRYLAMIDE HYDROGEL FRICTION CONTROLLED BY  
TIME-DEPENDENT SURFACE ENERGY DUE TO POROELASTIC RELAXATION 
   
 
 
 
BY 
 
ERIK REALE 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Mechanical Engineering  
 in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2016 
 
Urbana, Illinois 
 
 
Advisor:  
Assistant Professor Alison C. Dunn 
	 ii	
ABSTRACT 
 
This thesis explores the control of friction by varying contact area, contact time, and 
sliding speed of polyacrylamide hydrogel. With a comprehensive understanding of the 
phenomenon, hydrogels could be designed with targeted friction behavior, and be used to design 
surfaces for tissue engineering and drug delivery. Polyacrylamide gels were tested to quantify 
how the coefficient of friction changes under different conditions. Unlike common single-phase 
materials, hydrogels store water within a hydrophilic polymer matrix, in which the fluid can flow 
under applied pressure. It is known that this mass transfer contributes to lubrication, though there 
is not yet a direct connection. We find that mass transfer results in a local concentration of 
polymer, adhering and increasing the energy needed to move contacting surfaces. The final result 
is a coefficient of friction which depends on sliding speed, diffusivity, elastic modulus, applied 
load, and surface energy. 
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Chapter 1 
Hydrogel Lubrication and Application 
 
1-1: Introduction 
 Hydrogels are incredibly slick materials composed of a solvated polymer network 
suspended within a mass of water, held together by the hydrophilic chains of the polymer. The 
surface properties of these materials remain difficult to characterize as a result of their relative 
softness and self-lubrication. The diffusivity and permeability of hydrogels permit the water 
stored inside them to flow in response to applied loads, resulting in the availability and 
concentration of water changing at the surface. [1] 
 Being biphasic and low stiffness materials, hydrogels are studied for applications such as 
medical implants for the purposes of replacing cartilage and drug delivery, requiring a thorough 
understanding of their properties for safe application within human tissue. [2] One other potential 
applications of hydrogel are using the porous, soft materials in tissue engineering to replace 
cartilage in joints due to their similar structure. [3, 4] Without understanding of the hydrogel 
surface properties, they cannot be reliably used as a replacement for biological tissues. For 
instance, if the friction coefficient of the gel proves too high, it cannot be used comfortably by a 
patient. Even when not in contact with hard materials such as bone, gels being used for long-term 
drug delivery will remain in prolonged contact with surrounding tissue, and interactions with 
these materials must be taken into account when considering gel compatibility with the human 
body. [5] 
 In order to utilize these materials in an optimized design, the surface properties need to be 
understood quantitatively. Researching hydrogel friction allows engineers to understand not only 
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the general properties and trends of the gels, but also to create more efficient designs based on 
the results of the experiments, producing safer, more practical implants. Homogenous materials 
are the easiest to manufacture, so preferably bulk properties would also perform surface 
functions. If it turns out reducing the coefficient of friction for a gel also requires making the gel 
too soft, or too weak, an alternative must be found. [6] 
 Using a combination of poroelastic theory, surface energy, and proper contact model 
choice, the coefficient of friction for a hydrogel can be predicted. Material properties, geometry, 
time, and experimental parameters all play important roles in determining how these unusual 
materials behave. 
 
1-2: Materials and Methods 
 A custom microtribometer was used for indentation and friction experiments. The 
instrument consists of a vertically-oriented reciprocating stage, the z-stage, to which different 
cantilever-mounted probes are fixed, depending on the desired probe radius and flexure stiffness. 
This allows the probe to contact flat materials mounted onto a linear reciprocating x-stage. 
Capacitive sensors measure the displacement of the probe in the x and z directions, and using the 
calibrated stiffness of the cantilever the probe is mounted to, the vertical and horizontal forces 
can be determined; the ratio gives the coefficient of friction. 
 The x and z-stages are piezoelectric nanopositioning stages manufactured by Physik 
Instrumente, the x-stage (P-629.1CD) moves along a track length of 1500 microns, while the z-
stage (P-625.1CD) only moves 500 microns. The capacitive sensors detect displacements within 
a range of 100 microns, and are positioned to monitor the movements of a painted acrylic prism 
mounted to the end of two leaf flexures. The flexures are composed of titanium, with varying 
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vertical and horizontal stiffnesses, !" and !#, on the order of a few thousand µN/µm or less. The 
probe is a spherical glass tip. 
 
• Figure 1-1: The microtribometer, including labels for the different components. The 
device controls relative motions of the probe in the x and z directions, allowing for 
indentation, relaxation, and friction measurements. 
 
 The microtribometer’s design allows for several different functions, such as performing 
indentation tests using controlled voltage input to the z-stage prescribing up and down motion, 
holding at a particular depth to observe relaxation behavior, or sliding samples laterally to find 
the coefficient of friction. This flexibility allows users to measure the contact modulus of a 
material, view poroelastic relaxation and adhesion, and measure the friction coefficient during 
varying loads and sliding speeds. 
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 The experiments described were performed on samples chemically cross-linked 
polyacrylamide (PAAm) hydrogels, 10% polymer by mass. The hydrogel recipes for this high-
water content gel consists of acrylamide crosslinked with bisacrylamide through an oxidation 
reaction completed using ammonium persulfate (APS) and tetramethylethylenediamine 
(TEMED) obtained from a paper on cell morphology. [7] 
Gel samples were prepared first by mixing the water and solvents in 50 mL test tubes 
before allowing the gels to polymerize in 9.5 mm deep polystyrene petri dishes. The top surfaces 
tested were molded onto acrylic sheets, as it was determined that the surface roughness could be 
reduced to nanometers.  
 
• Figure 1-2: A 3D optical profilometer scan of a 5% PAAm gel surface bonded to acrylic, 
showing roughness on the order of tens of nanometers. 
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1-3: Contact Model Selection 
 During these experiments a glass probe was pressed against a hydrogel surface, 
demanding analysis of how the probe depth and contact area change with applied force. 
Indentation experiments such as the ones described in this thesis, consisting of spherical indenter 
on a flat contact, are commonly treated as an example of the Hertz contact model in action, but 
for hydrogels the model may not be applicable. 
 Sample indentation tests of PAAm gels showed a negative adhesive force pulling the 
probe downwards as the z-stage moves up, as seen later in Figure 3-3B during a more refined test 
to measure surface energy. The Hertz model remains the most common model of spherical 
contact, however the model does not account for adhesion and a noticeable surface energy makes 
the model inadequate in studying the gel properties. At small loads, surface forces are on the 
same order as contact forces. The Johnson-Kendall-Roberts (JKR) model was used in order to 
accurately represent the surface properties. [8] The contact area as a function of geometry, 
surface energy, and load is shown in Equation 1-1. 
$ = 	'() 1 + 3' -(. 	+	 6-)( + 3'-( 0.
01 																													(1 − 1) 
The value of the contact area between the probe on the gel can be calculated more accurately, 
and for contact areas of <1 mm2, can result in significant deviations in contact area, especially at 
low loads of less than 1mN where the JKR and Hertz models diverge. The JKR model frequently 
proves more useful than the Hertz model for polymer contact, as well as the Derjaguin-Muller-
Toporov (DMT) model which also takes adhesion into account, but typically applies to metals or 
other stiffer material. [9, 10, 11] 
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• Figure 1-3: A plot of the theoretical ratio between JKR and Hertz contact areas vs indent 
depth. In the Hertz model, contact area approaches zero if the material isn’t deformed, 
whereas the JKR model takes adhesion into account, resulting in a non-zero contact area 
even if no indentation or applied load is present. As depth decreases, the ratio between 
the two areas rises asymptotically. 
 
 Contact area calculations require the use of the JKR model for accuracy when working 
with polymers, even if the values calculate are less than one percent of the surface energy of 
other polymers, such as PDMS, - = 20 mJ/m2. [12] The instrument used in experiments applies 
loads as low as a few hundred µN, requiring the use of the JKR model. Studies of surfaces in 
other polymers commonly utilize the JKR model while studying contact mechanics, due to the 
greater surface energies polymers exhibit compared to metals. 
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1-4: Analysis Methods 
 MATLAB 2015 was used to process the data output recorded by the tribometer using two 
codes written specifically for the output format. (See Appendix A for codes).  
 First, the adhesion energy of the indent tests was calculated by using the negative normal 
forces recorded during the experiment. Then, using the JKR model, the surface energy of the 
glass-on-gel contact was calculated from Equation 1-1. With the normal force and probe radius 
provided, and indentation depth calculable, the experimental and theoretical values for adhesion 
energy can be made equal and the surface energy is the only remaining variable.  
 Second, poroelastic mechanics equations determine the time constant of the relaxation 
data.  Normal force data with time was used to find initial and final values for applied load, and 
poroelastic relaxation equations described in detail in Chapter 2 were fitted to the data for normal 
force during relaxation, with relaxation time being the most important output. This was 
combined with the area provided by the first program, to solve for the diffusivity of the gel. [13]  
 
 
  
  8 
Chapter 1 References: 
[1] G. Hoch, A. Chauhan, and C. J. Radke, “Permeability and Diffusivity for Water Transport 
Through Hydrogel Membranes,” J. Memb. Sci., vol. 214, no. 2, pp. 199–209, 2003. 
[2] T. R. Hoare and D. S. Kohane, “Hydrogels in Drug Delivery: Progress and Challenges,” 
Polym. with Aligned Carbon Nanotub. Act. Compos. Mater., vol. 49, no. 8, pp. 1993–
2007, 2008. 
[3] K. L. Spiller, S. A. Maher, and A. M. Lowman, “Hydrogels for the Repair of Articular 
Cartilage Defects.,” Tissue Eng. Part B. Rev., vol. 17, no. 4, pp. 281–99, 2011. 
[4] I. L. Kim, R. L. Mauck, and J. A. Burdick, “Biomaterials Hydrogel Design for Cartilage 
Tissue Engineering: A Case Study with Hyaluronic Acid,” Biomaterials, vol. 32, no. 34, 
pp. 8771–8782, 2011. 
[5] T. R. Hoare and D. S. Kohane, “Hydrogels in drug delivery: Progress and challenges,” 
Polymer (Guildf)., vol. 49, no. 8, pp. 1993–2007, 2008. 
[6] M. Ahearne, Y. Yang, and K. Liu, “Mechanical Characterization of Hydrogels for Tissue 
Engineering Applications,” Tissue Eng., vol. 4, pp. 1–16, 2008. 
[7] T. Yeung, P. C. Georges, L. a. Flanagan, B. Marg, M. Ortiz, M. Funaki, N. Zahir, W. 
Ming, V. Weaver, “Effects of Substrate Stiffness on Cell Morphology, Cytoskeletal 
Structure, and Adhesion,” Cell Motil. Cytoskeleton, vol. 60, no. 1, pp. 24–34, 2005. 
[8] K. L. Johnson, K. Kendall, and a. D. Roberts, “Surface Energy and the Contact of Elastic 
Solids,” Proc. R. Soc. A Math. Phys. Eng. Sci., vol. 324, no. 1558, pp. 301–313, 1971. 
[9] A. A. Alazemi, A. Ghosh, F. Sadeghi, and L.E. Stacke, “Experimental Investigation of the 
Correlation Between Adhesion and Friction Forces,” Tribol. Lett., vol.62, no.2, p.30,2016. 
[10] N. K. Myshkin, M. I. Petrokovets, and A. V Kovalev, “Tribology of Polymers: Adhesion, 
Friction, Wear, and Mass-Transfer,” vol. 38, pp. 910–921, 2005. 
[11] B. A. Krick, J. R. Vail, B. N. J. Persson, and W. G. Sawyer, “Optical In Situ Micro 
Tribometer for Analysis of Real Contact Area for Contact Mechanics, Adhesion, and 
Sliding Experiments,” Tribol. Lett., vol. 45, no. 1, pp. 185–194, 2012. 
[12] Accu Dyne Test. (2009). “Surface Energy Data for PDMS: Polydimethylsiloxane” 
Available: http://www.accudynetest.com/polymer_surface_data/polydimethylsiloxane.pdf 
[December 1, 2015] 
[13] E. P. Chan, Y. Hu, P. M. Johnson, Z. Suo, and C. M. Stafford, “Spherical Indentation 
Testing of Poroelastic Relaxations in Thin Hydrogel Layers,” Soft Matter, vol. 8, no. 5, p. 
1492, 2012. 
  9 
Chapter 2 
Poroelasticity and Hydrogel Deformation 
 
2-1: Material Properties and Fluid Load Support  
 As hydrogels are biphasic materials, they possess the ability to self-lubricate, which is 
determined by how well the water representing the bulk of their mass can flow to and from their 
surface. [1] The resulting flow alters how the gels deform, the variable elastic moduli of 
hydrogels specifically reflect their diffusivity. 
 In addition to measuring the surface energy of hydrogels, indentations performed by the 
tribometer can be used to calculate the contact modulus of the samples in accordance with the 
Hertz contact model. The previously discussed JKR model relies on the surface energy and 
applies to calculating contact area, while when measuring the elastic moduli of a material, the 
equations for normal force vs depth provided by the simpler Hertz model remain useful. 
 From loading and unloading curves taken during relaxation experiments, the total elastic 
modulus and the modulus of the matrix without the aid of the fluid supporting it can be 
calculated after allowing the material to undergo complete relaxation during multiple indentation 
tests. [2] These allow changes in the modulus and indent depth under different loads as a 
function of time to be theoretically modeled. 
 When hydrogels, being biphasic, are subjected to a pressure at their surfaces, the water 
stored within them diffuses from the point of contact as defined by Fick’s law. The endpoint of 
this decline is controlled by the fluid load fraction, which results in a Hertzian curve shown in 
Figure 2-1. The greater the indent depth, the greater the decrease in normal force as the contact 
modulus and equilibrium modulus diverge further and further. 
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• Figure 2-1: Comparison of several indents of varying depth, showing normal forces of 
each indent which follows the solid black line declining to the relaxed state, represented 
by the dashed line. As a result of the relaxation, the contact modulus drops from 128 to 
112 kPa. 
 
2-2: Diffusivity and Poroelastic Relaxation 
 Recording how the normal force applied by a probe relaxes with time, the diffusivity of a 
hydrogel can be found. Burris et al. examine only the initial and final points. However, the force 
vs time can be used to learn the fluid load fraction. Relaxation of normal force is defined by 
Equation 2-1. [3] .(7) − .#.8 − .# = 	 9−:(7/<=)>																																							(2 − 1) 
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Where : and > are constant defined by Equations 2-2 and 2-3. 
: = 1.15 + 0.44 ()ℎ + 	0.89 ()ℎ 0 − 0.42 ()ℎ 1 + 0.06 ()ℎ E 			(2 − 2) 
> = 0.56 + 0.25 ()ℎ + 	0.28 ()ℎ 0 − 0.31 ()ℎ 1 
+0.1 ()ℎ E − 0.01	 ()ℎ F 																																										(2 − 3) 
And ℎ is the thickness of the sample, 9.5 mm for the petri dishes used to make the hydrogels for 
these experiments. Given the comparatively narrow probe and shallow indentation depth, this 
results in roughly constant values for : and > of about 1.15 and 0.56, respectively. 
Finally, <G is the poroelastic relaxation time constant, defined in Equation 2-4. 
<G = H0I 																																																																			(2 − 4) 
Where H is the radius of contact, found using the JKR model using the dehydrated surface 
energy, and I is the diffusivity of the gel. While both values are relatively small, on the order of 
100 µm for contact radius and 7 ∗ 10LMN m2/s for diffusivity, the values for relaxation time are 
on the order of minutes for experiments with the microtribometer. Even so, the exact value varies 
depending on probe size and indent depth.  
Viscoelasticity, with relaxation times on the order of less than one second for hydrogels, 
can be assumed negligible on this time scale. [3] Although the time scales measured were on the 
same order as viscoelastic creep, that phenomenon was not observed, the initial deformation 
compared to the sample was too small to induce creep. [4] And while viscoelastic relaxation 
times can be considered constant at these length scales, Equation 2-4 shows poroelastic 
relaxation time scaling with contact area. [5]  
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 The Labview software allows extended high-frequency data acquisition in excess of 
fifteen minutes, to measure diffusive properties. As shown in Figure 2-2, the normal force of the 
gels declines according to the theoretical relaxation, eventually reaching a static value. 
 The methods used to obtain these results also demonstrated the necessity of using the 
JKR model rather than the Hertz model when calculating area, as lower depths could result in the 
contact area being off by over a factor of two without surface energy taken into account. Due to 
the low loadings of less than 5 mN used during the experiment, the difference between the 
theoretical results of the two models increases to as large as a factor of 2, and contact area 
determines relaxation time. If surface energy were not taken into account, the diffusivity found 
would be less than the real value. 
 
 
• Figure 2-2 Poroelastic relaxation for a 10% hydrogel, including a fit using Equation 2-1 
and a calculated relaxation time constant of 123 seconds. [3] 
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2-3: Effect of Fluid Load Support on Gel Relaxation 
 The fluid load fraction expresses the modulus during immediate contact and after the 
relaxation defined in Equation 2-1, which also determines the final loading and final indent 
depth. As the gel relaxes, the gel properties detailed above and the stiffness of the flexure used in 
the tribometer determine the final normal force and probe depth. The large disparity between the 
probe and gel moduli allows the probe to be treated as completely rigid, as well as impermeable. 
[6] The low modulus of the gels allows large strains to occur, such as an indent depth of roughly 
100 µm into a 9.5 mm gel sample, rather than the infinitesimal strains assumed by Biot 
poroelasticity. [7] 
 For the initial indentation, the normal force vs indent depth follows a typical Hertzian 
curve, the normal force increasing with indent depth at according to Equation 2-5, where OP is 
128 kPa for the sample gels: 
Q" = 34OP ()10																																																									(2 − 5) 
While undergoing relaxation, the normal force decreases and indent depth increases until the 
probe reaches a point on the following curve, defined by an equilibrium modulus, ON, 112 kPa 
for 10% PAAm hydrogels: 
Q" = 34ON ()10																																																										(2 − 6) 
The fluid load fraction Q, which depends on the composition of the material, is used to 
relate the two moduli, in a linear rules of mixture method. In this case, the flow of fluid in the gel 
results in a changing effective modulus. [2] For a 10% PAAm hydrogel, the fraction is 0.125.  
Q = 	OP − OROP 																																																													(2 − 7) 
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 The indent curves due to gel modulus and fluid load support can be determined according 
to Hertzian contact equations, and knowing the stiffness of the cantilever used to indent the 
surface, can be used to predict the change in indent depth and normal force as the gel relaxes. 
Equation 2-1 can be used to determine the final probe depth and applied normal load depending 
on the experimental setup and material properties, using Equation 2-8, determined from the 
indentation profile shown in Figure 2-1. .8 −	!S )# − )8 = 	.#																																																		(2 − 8) 
The forces can be substituted with the initial and final probe depths into Equation 2-8. This way, 
with the initial depth specified, the final depth can be determined from the probe radius and 
material properties. By replacing the values for the initial and final loads with their values from 
Equations 2-5 and 2-6, the final depth can be expressed as a function of initial depth, probe 
radius, and the contact and equilibrium moduli as described in Equations 2-9 and 2-10: 34 ()8M.FOP −	!S )# − )8 = 	34 ()#M.FOR																																			(2 − 9) 34 (OP()8M.F − (OR/OP))#M.F) 	= !S )# − )8 																														(2 − 10) 
During relaxation experiments the position of the z-stage is held constant, and decreasing fluid 
support causes the stiffness of the gel to decrease with it, resulting in an increasing penetration 
depth and decreasing normal force, the normal force becomes progressively more prominent as 
the probe depth increases due to the different functions of depth ). The stiffness of the cantilever 
also impacts the final probe position and load by determining the point where the probe depth 
intercepts the relaxed modulus curve. The slope of the linear segment at the end of each indent in 
Figure 2-1 is the cantilever stiffness, and it determines where the final force and depth will lie 
after reaching the equilibrium modulus. 
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 Since the initial and final loads can be predicted using known material properties, and 
with curves of poroelastic relaxation available, the change in depth with time can be predicted, 
by substituting the result of Equation 2-10 into 2-1, shown in Equation 2-11. 
) 7 = 	)8 +	34
(OP 	 )8M.F − OROP )#M.F 1 − 9−: 7<= >!" 									(2 − 11) 
 
If all other factors remain constant, the derivative of probe depth with respect to time is shown in 
Equation 2-12. 
) 7 = −34	:>7TLM<GT (OP )8
M.F − OROP )#M.F 9−: 7<= >!" 															(2 − 12) 
With : and > appearing again, the geometry of the indentation and gel sample impact not only 
the probe depth, but the rate at which the probe continues to penetrate into the hydrogel even 
with the z-stage height fixed. This is useful in cases where there may be geometric constraints on 
the material’s motion, or a small sample thickness relative to the probe radius results in large 
values of : and >.  
 Depth as a function of time and the stiffness of the cantilever used in the experiment, 
provide enough information to predict the depth of the probe at a given time, allowing the strain 
and strain rate of the indentation to be predicted theoretically as a function diffusion, contact 
modulus, and the fluid load fraction. The response of a hydrogel undergoing different loading 
conditions can be modeled with these factors. 
 Poroelasticity and fluid load support are directly connected in hydrogels considering how 
both phenomena relate to the relaxation of the materials and diffusion of fluid therein. By 
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understanding the relaxation behavior influenced by the diffusivity, the change in elastic 
modulus and indentation depth can be predicted. In the case of using the gels for a partial 
cartilage replacement designed to integrate with surrounding tissue, knowing the mechanics of 
how the gels will compare to biological tissue will improve functionality. Elastic mismatch could 
make the repair useless, or cause new defects to form due to stress concentrations and unintended 
mechanical behavior, demanding thorough understanding of the material properties. [8] 
Using equations for poroelastic relaxation, changes in gel modulus with time can be 
predicted. Further, by predicting the fluid load support and how a gel will relax, these materials 
can be utilized for creation of extracellular matrices with medical application for things like stem 
cell growth and developing adaptive behaviors. [9, 10] 
  
  17 
2-4: Conclusions 
• Polyacrylamide hydrogels were confirmed to relax at poroelastic timescales, with a 10% 
by mass sample having a diffusivity of I = 	7 ∗ 10LMN m2/s. 
• Surface energy is a necessary consideration when calculating contact area during 
hydrogel indentation, becoming more significant at lower loads with errors of over 100% 
possible. The JKR model for including adhesive forces in contact more accurately 
describes the hydrogel-glass contact. 
• Hydrogel poroelastic relaxation and fluid load support are directly related properties, with 
poroelasticity controlling the change from initial to equilibrium states as a function of 
time. For the samples tested, the contact modulus decreased by 12.5% over the course of 
several minutes. 
• The combination of an accurate contact model with measured poroelastic properties 
allows for a predictive model for the depth of indentation and its rate of change, allowing 
final depths and normal forces to be found from initial conditions. 
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Chapter 3 
Time-Dependent Surface Energy 
 
3-1: Surface Energy Measurements 
 Surface energy, the energy per unit area of two materials adhering to each other, is 
typically considered to be a constant, such as when describing the contact between metals. [1] 
However, due to the biphasic nature of the samples and the changing concentration of fluid at the 
surface under load, this may not be the case for hydrogels. 
 To measure the surface energy, the indentation feature of the tribometer was used to 
prescribe penetration depths for glass probes. A 3.62 mm radius glass probe was used to indent 
the surfaces of the hydrogels at loads measuring less than 20 mN to compare the force of 
adhesion to the applied force and indent depth. 
 The force vs position profile during probe removal makes the energy of adhesion 
calculable via numerical integration. From that energy, with the known depth and probe radius, 
surface energy becomes the only variable. The equations for contact area in the JKR model are 
too complicated for surface energy to be found with an analytical solution. [2] 
	OUVWXY8R" = 	- ∙ $[\] - 	= 		-'() 1 + 3' -(. 	+	 6-)( + 3'-( 0.
01 					(3 − 1) 
By comparing the theoretical and experimentally measured values for the adhesion energy, the 
value for - can be found using the experimentally found energy of adhesion. 
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3-2: Variation of Adhesion with Time 
 An early experiment using the described method of finding surface energy by indenting a 
hydrogel to increasing depth resulted in the values shown in Figure 3-1, where surface energy 
appears to decrease with probe depth. Ordinarily, surface energy is expected to remain a 
constant, but hydrogel surface energy can be decreased. 
 
• Figure 3-1: During early adhesion experiments, surface energy was shown to vary 
depending on depth, due to the time between loading and unloading being insufficient to 
allow for complete relaxation. 
 
 To account for the decline in surface energy with indent depth, experiments were run to 
determine if adhesion was not a constant property, but dependent on time as a result of 
poroelastic relaxation, which would be consistent with the rapid decline of surface energy 
observed. The first experiment dedicated to studying this consisted of several indents of 
increasing depth performed without allowing any time for the gel to relax, resulting in a lack of 
observable adhesion compared to the values observed previously, and showing the results shown 
in Figure 3-1 are misleading in the apparent trends. 
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3-3 Dependence of Adhesion on Poroelasticity 
After this trend in surface energy was noticed, another experiment with a single indent 
depth, but varying hold time, was performed to examine how the surface energy was changing 
with time. The adhesion forces increased between the different hold times, seen in Figures 3-2A 
and 3-2B.  
 
• Figure 3-2: The z-stage position as a function of time, showing the increasing hold times 
with each new indent, and proportional increases in the times between indents to allow 
the gel to rehydrate. In order to ensure the probe completely disconnected from the gel 
during removal, a 100 µm separation distance between the probe and the gel was included 
to make the final depth slightly less than 100 µm. 
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• Figure 3-3A & 3-3B Indentation curves for a 3.62 mm radius glass probe indenting a 
10% PAAm hydrogel, given different times to relax after indentation, A with no hold 
time and B with fifteen minutes. The results show an increase in adhesion for two tests 
with a difference in depth of <2 µm, the only change being time allowed for relaxation. 
This contrasts Figure 3-1, where contact area appeared to control surface energy. 
 
Surface energy of hydrogels varies with time due to their biphasic structure, rather than being 
a singular value as is usual for polymers. [2] To model this behavior, we define a hydrated 
surface energy as the value for initial contact between the gel and another material while fluid 
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remains between them, and then a dehydrated surface energy, the surface energy after the gel 
completely relaxes and water diffuses from the surface. In the case of glass-on-gel contact, the 
initial, hydrated surface energy is a fraction of the dehydrated surface energy, 17% in the 
example shown. This demonstrate the significant time dependence of the coefficient of friction. 
If the contact is held in one area for long, the surface energy will increase, making it more 
difficult to move the contacting surface due to the increased adhesion. [4]  
As shown in Figure 3-4, and in keeping with the exponential decline of normal force 
during gel relaxation, a small hold time of 100 seconds could result in a 500% increase in surface 
energy. For a 10% PAAm hydrogel, the hydrated surface energy is approximately 21 µJ/m2 and 
the dehydrated surface energy is 138 µJ/m2. For a frame of reference, the measured surface 
energy for PDMS usually lies around 20 mJ/m2. [5] 
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• Figure 3-4:  More time is provided for poroelastic relaxation to occur, the surface energy 
increases, leveling out after a period of about 500 seconds, or roughly 2.5 times the 
relaxation time of <G =	203 seconds. Surface energy changes as the hydrogel relaxes and 
dehydrates under a load, fitted to Equation 3-2. 
 
The green dashed curve shown in Figure 3-4 can be fitted to the following Equation 3-2, the 
idea for which is derived from Equation 2-1 on the hypothesis that the surface energy of the gel 
could be controlled by its diffusivity in the same manner as its poroelastic relaxation: 
- 7 = -V 	+	 	-W −	-V 9L^ _`a b																																	(3 − 2) 
The result is the surface energy starting out at this hydrated surface energy, then 
approaching the dehydrated surface energy as more time passes, increasing the surface energy 
which time, but eventually leveling out if the contacting surface is held in position long enough 
for the gel to achieve poroelastic relaxation. The shape of the curve demonstrates the connection 
between surface energy of this biphasic material and its diffusivity: surface and bulk properties 
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of hydrogels are directly linked. The effect resembles the modulus changes described in Chapter 
2, and the time-dependence of material properties under an applied load is a known effect of the 
porous structure of hydrogels. [6] 
The incorporation of surface energy illustrates the importance of using poroelastic theory 
for these materials, the increase of surface energy with time following the mechanics of 
poroelastic relaxation, with changes occurring on the same time scale and with similar 
magnitudes to what was found experimentally. If the initial and final values for the surface 
energy known, the only unknown needed to calculate the changes in surface energy with time for 
a given load and contact radius is the diffusivity of the hydrogel. 
 These experiments also show the important of hold times when determining surface 
energy of hydrogels. If a gel is not allowed to undergo poroelastic relaxation, the surface energy 
will remain low, but the longer a surface is in contact with the gel, the greater the adhesive forces 
become. This may be advantageous, because increasing contact area and rising relaxation time 
constants can outpace increasing surface energy.  
 Performing indentation experiments on hydrogels requires calculation of contact area, 
and accurate results require surface energy must be taken into account, preventing the use of the 
common Hertz contact model rather than the more complex JKR model. This is an important 
result in evaluating the friction behavior of these materials due to the time dependence of the 
surface energy values, showing that the adhesive properties changes as a result of contact time.  
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3-4: Conclusions 
• The rate of change from one value of surface energy to another depends on the 
poroelastic relaxation time, the trends matching up with those described by poroelastic 
theory, suggesting that adhesion directly results from local fluid exudations under the 
contact. 
• Poroelastic relaxation time depends on diffusivity, meaning the surface energy at a given 
time is controlled by a bulk property. Contact area also controls the time constant, 
meaning elastic modulus plays a role in gel adhesion due to its inclusion in Equation 1-1. 
• The measured surface energy increases with duration of indentation. In the fully hydrated 
state as dwell time was nearly zero, 	-W=21 µJ/m2. After dwell longer than the 
characteristic poroelastic time, the “dehydrated” surface energy was 	-V=138 µJ/m2, an 
increase by a factor of ~6.5. 
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Chapter 4 
Coefficient of Friction Before Sliding 
 
4-1: Static Coefficient of Friction 
Friction in hydrogels depends on many properties, with the overwhelming majority of 
prior work done under steady sliding, measuring kinetic friction as a function of pressure and 
sliding speed.  However, the static coefficient of friction, when slip initiates, should also depend 
upon the same properties.   
 Adhesion contributes to friction for all materials, but for PAAm hydrogels it changes 
based on contact area and time. Thus we hypothesize the static coefficient of friction may change 
with increasing probe depth and contact area. [1] The surface energy used to calculate this 
contact area was taken to be 138 µJ/m2, the average value for dehydrated surface energy found in 
Chapter 2.  
 The contact area changes with applied load, so it would be expected that the friction force 
would also change, considering the linear relationship between adhesive and friction forces. [2] 
The range of values for the static coefficient of friction is not well-studied in the case of 
hydrogels, other than being significantly larger than the kinetic coefficient. [3] Considering the 
difference between hydrated and dehydrated values for surface energy, a hydrogel’s coefficient 
of friction could increase similarly when switched between a moving and stationary contact. 
 To find the static coefficient of friction for hydrogels, a 1.7 mm radius glass probe 
indented the surface of a hydrogel, was held in that position for fifteen minutes to allow 
complete poroelastic relaxation under the probe and for the surface energy to reach its 
dehydrated value. Then, the x-stage moved the sample 1.5 mm, the z-stage lowered an addition 
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10 um, and the process repeated. Each 10 um increase in indent depth corresponds to the gel 
sample moving to a new position, allowing the probe to indent a hydrated area, and other regions 
to rehydrate and elastically undeform. 
 
• Figure 4-1: The experiment studies the static coefficient of friction by incrementally 
increasing ) at the end of each sliding track. After each increase, there is a hold time of 
900 seconds before sliding is initiated. The z-stage (grey) and x-stage (black) positions 
are plotted vs time.  
 
The results of this experiment are shown in Figure 4-2. At the beginning of slip, the 
coefficient of friction varies from cY =	1 to 2.5 with depth. During steady-state slip after moving 
~1 mm, the coefficient drops to between cd =	0.2 and 0.4. 
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4-2: Trends with Changing Contact Area: 
 
• Figure 4-2: Coefficients of friction vs contact area from the experiment described in Figure 4-1, 
showing a decline in friction coefficient with contact area violating Admontons’ first law of 
friction. 
 
Ordinarily, the coefficient of friction for two contacting surfaces can be assumed to be 
constant, but the inclusion of adhesion in the study of hydrogels allows for predictable 
changes with contact area. Applied load provided by the spherical probe determines the 
contact area, and more contact area will increase adhesive forces, requiring a greater lateral 
force to move the probe. [4] However, these two forces are not proportional to each other, as 
shown theoretically in Figure 4-3A and experimentally in Figure 4-4. 
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• Figure 4-3A & 4-3B: As a result of the linear relationship of Q# with ), the adhesion 
energy increases with the same trend according to Equation 3-1. However, based on the 
indentation curves obtained from previous tests, the normal force correlates with )M.F. 
Because coefficient of friction is defined as friction force over normal force, the static 
coefficient of friction for a poroelastic material decreases with indent depth. 
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• Figure 4-4: Friction force vs indent depth. The force increase is roughly linear with 
indent depth, showing the effect of increased surface area and adhesion on the force. 
 
The mechanics of how friction and normal forces change with indent depth cause the 
coefficient of friction to decrease with depth. Normal force closely follows the Hertz loading 
curves and the friction force increases linearly with depth due to the increasing contact area and 
adhesive forces, resulting in the dehydrated coefficient of friction being the following Equation 
4-3, using the Hertzian contact area as an approximation instead of Equation 1-1 for simplicity. 
Complete equations solved for the JKR model can be found in Appendix B. 
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Q# = -'()e 																																																													(4 − 1) Q" = 34 ()M.FOR																																																								(4 − 2) cY = 	Q#Q" = 	 -'()34 e ()M.FOR 	∝ 1)N.F 																																									(4 − 3) 
Though technically less accurate, this form is more intuitive and fits the experimental values 
well. The factor “e” is a characteristic length needed to correlate friction force and adhesion 
energy, its value on the order of dozens of nanometers, close to the mesh size of a hydrogel. 
Even though the friction force increases as a result of growing contact area, the increasing 
normal force needed to indent the surface and reach this area increases more rapidly. If the depth 
of penetration reaches nearly zero, the coefficient of friction will become theoretically infinite, as 
adhesion produces a friction force, but no normal force. [2] As for the force of friction, it is 
shown increasing linearly in Figure 4-4. The normal force increases proportionally to )M.F, and 
with coefficient of friction being Q#/Q", it would be expected to decrease proportionally to )LN.F 
or $LN.F. 
 Due to the mechanics of how normal and friction force increase with the deformation of 
the hydrogel and probe depth, coefficient of friction with changed with contact area, counter-
intuitively decreasing with contact area. However, it should be noted that the mechanics 
described work for a spherical contacting surface, while other geometries would produce a 
different trend due to how contact area changes with depth. 
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4-3: Coefficient of Friction During Slipping: 
 An approximation can be made for determining the coefficient of friction immediately 
after the probe begins leaving the initial point of contact. If it is assumed that the surface energy 
reached its maximum during the indentation, and the gel surface surrounding the probe remains 
hydrated, the surface energy can be treated as the sum of the effects of the two areas shown in 
Equation 4-4. The approximation is that the surface energy remains constant at the hydrated 
surface energy, even though it is being compressed as the probe moves over it. 
 
• Figure 4-5: The resulting surface energy can be interpreted as the combined effect of -V 
and -W on the probe as it remains in contact both dehydrated and hydrated portions of the 
gel immediately after it begins sliding, dependent on what fraction of the probe surface 
still overlaps with the initial contact point. 
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-PRgh8"XV = 	$Q-V + 1 − $Q -W																																											(4 − 4) $Q = 	i9ℎjikH79i	lmn7Hl7	Hk9H	'H0 																																									(4 − 5) 
From the geometry of the overlapping circles, adhesion energy as a function of contact radius 
and distance traveled, o, is shown in Equation 4-6: 
O = -V'H0 + (-V − 	-W) 2 arccos o2H H0 − Hosin arccos o2H 	 							(4 − 6) 
From the Equation 4-1, the change in friction force with position during initial sliding can be 
expressed as the following: 
Q# = -W'H0 + (-V − 		-W)(2 arccos o2H H0 −	(arccos o2H 	))e 					(4 − 7) 
The result is a decreasing coefficient of friction between static and kinetic over an 
observable, shown in Figure 4-6, as opposed to the common approach of treating the transition 
between static and kinetic coefficients of friction as instantaneous. The transition between the 
two values for friction force also help explain the “stick-slip” behavior observed in other 
experiments testing the coefficient of friction of hydrogels, attributed previously to a higher 
concentration of polymer at the surface. [5]  
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• Figure 4-6: A plot of friction force vs position as the probe initially begins to slide, 
showing the initial increase in the force measured as the gel holds the probe in place.  
 
The orange dashed curve in Figure 4-6 represent a fit of expected friction force vs x-stage 
position, showing a similar downward trend ending in slight curvature, but the actual data levels 
out after a smaller movement, only ~400 µm rather than 660 µm. The experimental curve 
declines and levels out faster than the theoretical curve. Possible explanations include the probe 
breaking free of the dehydrated contact area, only making the combined surface energy lower 
than expected. 
Once the probe completely leaves the initial contact area, $Q drops to zero, and gross slip 
occurs. The probe then continues to slide across the surface of the gel, compressing it at time 
  37 
scales large enough for partial poroelastic relaxation to occur. As shown in the above Figure 4-6, 
the friction force changes from 667 to 116 µN, reducing the friction force by a factor of 5.75, 
close to, but less than, the drop between hydrated and dehydrated surface energy. Due to the 
continued dehydration of the gel while in contact with the sliding probe, the departure from the 
original contact area during sliding is not predicted to cause the surface energy to remain at the 
hydrated value. 
 Hydrogel lubrication dependence on polymer concentration produces regions of varying 
coefficient of friction, controlled by the application of normal loads to certain areas. [6] Rather 
than an immediate shift from static to kinetic coefficient of friction, the coefficient will undergo 
a transition as it moves from a dehydrated to hydrated region, the overall trend and outer limit of 
which can be predicted from the hydrated and dehydrated surface energies and contact radius.  
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4-4 Conclusions: 
• The static and kinetic coefficients of friction decrease as contact area increases, as 
measured in a single experiment where the probe was allowed to dwell for long times at 
the turnaround points of the reciprocating path. 
• A quantitative model was proposed for the relative changes of normal force and friction 
force given increasing depths of deformation. Because normal force increases with depth 
according to )M.F and friction forces increases linearly, the friction coefficient is predicted 
to decrease with depth of deformation to the -0.5 power. 
• There is a measurable transition region between static and kinetic coefficient of friction 
due to the contacting surface moving from a dehydrated to hydrated region, rather than a 
discontinuous change between the two coefficients. The transition occurs over a distance 
less than the diameter of the contact area, and friction force drops approximately linearly. 
• The drop in friction force during incipient slip was modeled as an area average of the 
adhesion energies between dehydration and hydration, but the real system experienced 
changes earlier than predicted, hypothesized to be the result of the probe detaching from 
the deformed gel surface during lateral motion. 
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Chapter 5 
Kinetic Coefficient of Friction and Adhesion 
 
5-1: Friction and Adhesion of Hydrogel Surfaces During Sliding 
 Due to the complex poroelastic and adhesive properties of hydrogels, the friction 
coefficients of these materials can be observed changing with elastic modulus, diffusivity, and 
surface energy. With these different factors taken into account, the friction behavior of the gels 
can be modeled by anticipating changes in gel surface energy as a result of contact area, indent 
depth, and sliding speed. 
 As illustrated in previous chapters, the surface energies of hydrogels depend on contact 
hold time, with the surface energy during sliding being lower compared to that after a hold time 
of several minutes. However, since the gel surface does not come into and leave contact 
instantaneously, the hydrogel undergoes poroelastic relaxation when another material slides over 
it. Knowing the geometry of the sliding surface and sliding speed, the time the gel spends 
relaxing and its change in surface energy can be predicted. 
 
5-2: Variation with Sliding Speed 
The experimental data for surface energy changing under a static load closely matches 
the trends for poroelastic relaxation, but in the case of sliding, different regions of the surface of 
the gel will be in contact for different periods of time. The average surface energy of the circular 
contact area created by a spherical probe will vary as a result of probe radius, indent depth, and 
sliding speed, factors which determine how long different points on the gel are in contact with 
the probe, and how the surface energy changes. Due to the complexity of the equation for surface 
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energy, which would require integration of an exponential function incorporating both a sinusoid 
and an additional power, an alternative means of averaging this adhesion is done here. 
 
 
• Figure 5-1: A diagram of the changing surface energy over the circular contact area 
during sliding. Adhesion energy will increase from a hydrated region in the direction of 
sliding to a maximum point at the opposite side of the contact area. The dashed lines are 
iso-adhesive arcs along which every point spent the same time in contact and has the 
same surface energy. 
 
In the direction of motion, the edge of the area begins at the hydrated surface energy, -W, 
and then increases as the probe slides over it. The circular geometry shows the points along each 
curve are all the same distance from the outer edge in the direction of the probe’s relative 
motion, and with the entire contact area moving at a particular speed, each curve relaxes for the 
same amount of time depending on the angle w, the angle between the y-axis and the line from 
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the origin to the end of an arc, as described in Figure 5-1. Each point along a particular arc will 
have the same surface energy. This time, 7PR"_UP_, will control the surface energy along each arc. 
- w = 	-V + -W + -V 9L^ _xyz{|x{`a b																														(5 − 1) 
7PR"_UP_ = 	2H ∙ sin	(w)} 																																																(5 − 2) 
Where H is the radius of contact, <G is the poroelastic relaxation time constant as defined by 
Equation 2-4, and } is the sliding speed. The longest contact time occurs when w = 	'/2, when 
the gel lies beneath the full diameter of the contact area. 
7gU~ = 2H} 																																																										(5 − 3) 
Because the overall surface energy needs to be calculated to predict the coefficient of friction, 
the average contact time can be found by averaging over the entire area of contact. Hkl	e9n7ℎ = H ' − 2w  Hk9H	9e9Ä9n7 = 	H0 ' − 2w cos w iw 
7PR"_UP_ = 	 2H1'H0} ' − 2w sin w cos w iw = 	 H2}	Å/0N 																					(5 − 4) 
This equation applies to contact between a flat surface and a spherical indenter producing a 
circular contact area, but the concept of averaging the time of contact in this manner could be 
applied to other shapes. For a spherical indenter, 7PR"_UP_ is only ¼ of 7gU~. 
To non-dimensionalize these values in a useful manner, the contact Péclet number, a 
ratio of the average time an area of the gel spends in contact with the probe compared to the 
poroelastic relaxation time constant defined in Equation 2-4: 
.9P = 	 <G7PR"_UP_ = 	2}<GH 	= 	2}HI 																																									(5 − 5) 
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This factor provides a simple expression of how long the gel will be relaxing under the probe, 
adhering to the surface with increasing strength as it remains in contact. Other papers use Péclet 
numbers of different formulation when studying hydrogel, such as for expressing indentation 
depth compared to permeability when studying fluid load support, the form used here being 
helpful in calculating average time spent in contact during sliding and its relation to mass 
transport. [1, 2] For a larger value of .9P, the coefficient of friction will decrease. 
 
• Figure 5-2:  Diagram of a probe sliding across the surface of a gel. The circled point at 
the edge of the contact area lies along the path of the probe, comes into contact, and is 
compressed beneath for however long it takes to reach the opposite end of the probe.  As 
the sliding speed or contact radius increase, the less the probe can adhere to the gel, 
lowering the coefficient of friction. Using a more diffusive material will result in the gel 
relaxing faster, increasing the coefficient of friction. 
 
 To evaluate how this change in surface energy would affect the coefficient of friction, 
friction was measured under varying sliding speeds. The sliding speeds were selected based on 
how long it would take the indenting probe to completely pass over the surface of the gel 
estimated from the radius and probe depth. Speeds ranged between 3 and 1500 µm/s, with 
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maximum contact times varying between 275 and 0.55 seconds. Although the probe is moving, 
there is still a period during which the gel is being continuously compressed, and as shown in the 
results above, the surface energy is increasing, requiring less force to move the probe across the 
surface of the gel as the sliding speed increases. 
 
• Figure 5-3: The position profile of the x-stage (black) and z-stage (grey) during an 
experiment to study the effect of sliding speed on friction coefficient. The probe indents 
the surface of the gel to a depth of approximately 100 µm, with a 100 µm separating 
distance to ensure complete detachment. The profile shown produces ten sliding speeds 
increasing from 3 to 1500 µm/s. Ten complete cycles are performed for each speed. 
 
 The contact Péclet number accurately describes how the coefficient of friction changes, 
as Figures 5-4A and 5-4B clearly show the coefficient of friction decay with increasing sliding 
speed, and thus with increasing Péclet number.  
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• Figure 5-4A & 5-4B: The coefficients of friction for a contact between glass and 10% 
PAAm hydrogel compared to sliding speed and the contact Péclet number. The 
experiment was an early test to succinctly gauge how sliding speed affects the coefficient, 
showing the predicted result of a decline with increasing speed. 
 
5-3: Surface Energy Under a Moving Surface 
 Incorporating the contact Péclet number, rather than find the average surface energy at 
each point, it proves more practical to find the average time of each point being loaded. This 
leads to a revised form of Equation 3-2 incorporating Péclet number in place of the time of 
contact for a moving, circular contact area. 
  46 
- = 	-V + -W 	−	-V 9L^ MÇXx b																																				(5 − 6) 
Average surface energy under a moving contact can be approximated based on contact radius 
and sliding speed using this equation. A larger radius results in longer contact times, which fits 
with observations of greater contact area increasing adhesive forces, while increasing sliding 
speed diminishes the surface energy. Compared to other tests of polymer friction, most cases and 
theories anticipating an increase in friction coefficient with sliding speed or no change at all, the 
dependence of hydrogel friction on surface energy isn’t predicted from prior literature. [3, 4] 
To determine whether or not the direction of changing sliding speed, either from lowest-
to-highest of highest-to-lowest, was a factor in the observed changes to coefficient of friction, 
another set of experiments was performed with ten different speeds, the only difference being the 
order in which the speeds were tested. The probe used was 0.5 mm, the smallest available, to 
allow the gel time to rehydrate itself considering the path of motion was only 1.5 mm. 
The results of two tests are shown in Figure 5-5, the difference between the two series 
being that the circular data points represent sliding speed changing from lowest to highest, while 
the square points show speed changing from highest to lowest. The overlap illustrates how the 
coefficient of friction remains consistent. The trend also appears to level off, implying a lower 
limit for coefficient of friction as it changes with sliding speed. 
Using the theory for surface energy and its control of coefficient of friction, and variation 
with the contact Péclet Number, the green dashed curve was fitted to the data using the following 
formula, combining equations 4-3 and 5-6 to provide the kinetic coefficient of friction: 
cd = 43 'eOP () -V	 +	 -W	 − 	-V	 9L^ MÇXx b 	= 	43 'eOP () -														(5 − 7) 
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As sliding speed increases, the coefficient of friction reaches a theoretical minimum defined by 
Equation 5-8: 
cg8" = 43 'eOP () -W																																																				(5 − 8) 
The indent depth, in theory can continue to increase and lower the coefficient of friction, the 
relatively small value of the hydrated surface energy provides a lower bound for the results 
achievable with increased sliding speed. No matter how rapid the sliding may be, some small 
surface energy will remain.  
 
• Figure 5-5: Comparison of two experiments with varying sliding speed. One set 
prescribed speed going from lowest-to-highest (round markers) while the other was 
highest-to-lowest (square markers). The dashed green line is a fit of Equation 5-7, using 
the length factor “e” to fit the plot, its value coming out to be 50 nm, on the same order of 
magnitude as a hydrogel mesh size. 
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5-4: Variation with Normal Force 
 As shown while examining the changes in friction coefficient with sliding speed, the 
Péclet number is a critical factor decided the strength of the adhesive forces, and thus, the 
coefficient of friction. The radius of the contact area, itself varying due to adhesive forces, also 
plays into this, and it increases as greater normal forces are applied. 
 Based on the previous experiments with varying sliding speeds, the coefficient of friction 
decays in response to increasing indentation depth caused by increasing the applied normal 
forces, another variable in the contact Péclet number. As shown in the following figures, this 
decay occurs for cases with varying probe radii, and with this increased radius, a larger Péclet 
number occurs at a lower depth. 
 As adhesion contributes as a major factor in the hydrogels’ coefficient of friction, 
increasing the contact area by increasing the probe radius results in greater adhesion between the 
probe and the surface of the hydrogel. The high initial standard deviation and its decline is the 
result of the microtribometer working to maintain a specific normal force, but at low loads, 
which correspond to a low Péclet number, the ratio of the normal force’s standard deviation 
compared to the normal force itself increases and affects the coefficient of friction’s standard 
deviation, result in the error bars of Figure 5-6.  
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• Figure 5-6: Coefficient of friction vs contact Péclet number during a test of varying 
normal loads on a 10% PAAm hydrogel at a sliding speed of 600 µm/s. The probe used 
was a 0.5 mm radius glass probe. 
 
As normal force increases, however, so do the indentation depth, contact radius, and 
contact Péclet number. Even if the sliding speed increases more and more, a lower limit for the 
coefficient of friction exists for that depth. But the increasing normal force outpaces the friction 
force, causing the additional decline with normal force whereas increasing sliding speed reaches 
a theoretical minimum determined by the hydrated surface energy. Based on these correlations, 
the coefficient of friction can continually decrease with applied load, but never reach zero, while 
as indent depth nears zero the coefficient increases asymptotically. This relates back to the JKR 
model, as a contact area can appear as the result of surface energy, with a resulting friction force, 
without any normal load being applied, resulting in a theoretically infinite coefficient of friction. 
If the normal force is zero, the friction force becomes the following, using Equations 1-1, 4-1, 
and 5-5 [4]: 
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Q#N = 	'HN0e - .9N 																																																														(5 − 9) 
HN = 	 6'(0-VOP M/1 																																																											(5 − 10) 
.9N = 	2}HNI 																																																																		(5 − 11) 
The hydrated surface energy -V may be used to calculate the minimum contact radius given the 
difficulty of using Equation 5-6, which would make the minimum radius HN a function of Péclet 
number, in turn a function of HN, and so on, requiring selection of one surface energy value. The 
radius is smallest in this situation, meaning relaxation time is smallest as well, so this 
approximation would be more useful than relying on the hydrated surface energy. The Péclet 
number for the case of no normal force depends this adhesion-based contact area, making the 
surface energy more and more significant during sliding the lower the normal force becomes. 
While surface energy changes with time, without an applied load, the hydrogel doesn’t relax, 
keeping the elastic modulus at its initial value OP. 
If no load is being applied, a small contact area remains as a result of the surface energy, 
which resists lateral movement and provides a minimum friction force. While the coefficient of 
friction theoretically becomes infinite, this should not be interpreted as the hydrogels becoming 
infinitely resistive to sliding motion, rather, that a small friction force persists even if no normal 
load exists. 
 The trends shown are the result of a combination of factors, primarily the mechanics of 
surface dehydration and the contact mechanics surrounding the indenting spherical probe. Taking 
all factors into account, the kinetic coefficient of friction for a hydrogel can be found using 
Equation 5-7. This equation helps explain the trends in the coefficient of friction vs normal force 
and vs sliding speed. As the sliding speed increases, the gel can’t dehydrate quickly enough, 
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lowering the adhesive force and the coefficient of friction with it. However, it maintains a 
constant indent depth for a particular applied force, and eventually approaching a value 
determined by the hydrated surface energy.  
 Using simple indentation tests, a wealth of information about hydrogel stiffness, 
diffusion, and surface energy can be obtained, allowing the prediction of the coefficient of 
friction as it varies with time, relative sliding speed, and applied force. This information may be 
applied towards the use of these materials in medical applications where they are needed to 
function comfortably within a human body, where they may be subjected to varying loadings. 
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5-5: Conclusions 
• Kinetic friction coefficient directly relates to the local state of the hydrogel in the 
interface, which is a function of sliding speed and contact area.  
• The adhesive contribution to kinetic coefficient of friction was quantified by averaging 
the local surface energy of “iso-adhesive” arcs over the contact area. The average time 
spent in contact for a circular area is 7PR"_UP_ = H/2}. 
• A contact Péclet number, defined as .9P = 2}H/I, describes the ratio of time spent in 
contact to the time of diffusion. Increasing .9P lowers surface energy and the coefficient 
of friction exponentially from a relatively high static value to a kinetic coefficient of 
friction as low as 0.015 during testing. 
• Increasing sliding speed eventually reaches a lower limit set by the hydrated surface 
energy. Increasing normal force will result in a continuously declining coefficient of 
friction as a result of the normal force outpacing the friction force, as described in 
Chapter 4. 
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Overall Conclusions 
 
• Friction coefficients for hydrogels depend on factors such as elastic modulus, depth of 
indentation, diffusivity, surface energy, contact radius, and sliding speed, all of which can 
be modeled for a specific situation. A model taking all these factors in account was 
developed based on experiments with varying sliding speeds, applied loads, and hold 
times. 
• The surface energy for glass-on-hydrogel contacts, while on the order of dozens of µJ/m2, 
plays and important role in hydrogel friction and the values are large enough to require 
the use of the JKR model for surface contact instead of the Hertz model. Diffusion 
controls changes in surface energy with time, due to hydrogels obeying established 
poroelastic mechanics 
• For the performed experiments, the friction coefficients of hydrogels can be predicted at 
the result of time-dependent adhesion, with coefficients ranging from theoretically 
infinite to between 1 and 5 to less than 0.02 with lower values possible. 
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Recommendations for Future Research 
 
 Changing hydrogel composition represents the most important next step in studying the 
friction behavior of these materials, as the structure and density of the polymer mesh controls 
many of the factors related to the coefficient of friction as described in this thesis, including 
adhesion, poroelasticity, and stiffness. The coefficient of friction was modeled for a single 
weight percentage of one polymer mesh, when a wide range of materials can be engineered for 
specific tasks.  
 Diffusion of water, for instance, would increase at higher concentrations of polymer due 
to the higher chain density preventing the water molecules from moving through the gel an 
increase the time needed to reach dehydrated surface energy. On the other hand, adding more 
polymer could cause both hydrated and dehydrated surface energy to increase. For a given 
situation, such as increasing the sliding speed while also using a composition with a lower 
surface energy, one effect could win out over the other. 
 Using indentation and friction tests, the properties of a particular hydrogel composition 
can be found, and those new values will describe the friction behavior of hydrogels other than 
10% PAAm. Methods of engineering a hydrogel for lubrication applications with a specific set 
of properties, such as modulus, diffusivity, and surface energy, remain unexplored. 
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Appendix A: MATLAB Codes 
Surface energy calculator program: 
 
filename = uigetfile('*.*','Select cycle 1 of the experiment'); 
  
sheet = '120 micron removal'; %Enter name of sheet containing relaxation 
data. For now, it must be in an individual sheet. 
num = xlsread(filename, sheet); 
  
d = size(num); 
L = d(1); %Finds the length of each column. 
  
%Finds constant values related to the geometry and beginning/final loads. 
%If the probe radius and sample thickness h aren't included in the Excel 
%sheet, enter them directly here. 
R = 500; 
h = 9500; 
delta = num(10:L, 9) - num(10:L, 2)/num(4, 5); 
  
F = num(10:L, 2); 
Foffset = mean(num((L-10):L, 2)); 
Fmin = min(F) - Foffset; 
x = F - 1.05*Foffset>0; 
Fadh = F(~x); 
D = delta(~x);  
  
for n = 2:1:size(D) 
Eadh(1) = (Fadh(1) - Foffset)*(D(2) - D(1)); 
    Eadh(n) = (Fadh(n) - Foffset)*(D(n) - D(n - 1)); 
    Etot = sum(Eadh)*10^-12; %Adhesion energy in Joules 
end 
  
syms gamma; %surface energy (J/m^2) 
A = pi*R*delta*10^-12.*(ones(size(F)) + 3*gamma*pi*R./F + sqrt(6*gamma*pi*R*F 
+ 
(3*gamma*pi*R)^2)./F).^(2/3).*((1.41*((R*delta).^0.5/h).^2+0.57*((R*delta).^0
.5/h)+0.5)./(((R*delta).^0.5/h).^2+0.49*((R*delta).^0.5/h)+0.5)).^2; %Hertz 
contact area (m^2) 
a = sqrt(mean(A)/pi); 
  
  
dmax = max(delta); 
y = delta < dmax; 
Amax = A(~y); 
eqn = Etot == gamma*Amax; 
Y = vpasolve(eqn, gamma); 
  
Ec = 30; %Contact modulus 
K = 4/3*Ec; 
a0 = 6*pi*Y*R^2/K; %contact radius at zero load 
A0 = pi*a0^2; %contact area at zero load 
Fsep = -1.5*Y*pi*R; %separation force needed to remove the probe  
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Poroelastic relaxation analysis program: 
filename = uigetfile('*.*','Select cycle 1 of the experiment'); 
  
sheet = '240 microns'; %Enter name of sheet containing relaxation data. For 
now, it must be in an individual sheet. 
num = xlsread(filename, sheet); 
  
d = size(num); 
L = d(1); %Finds the length of each column. 
  
%Finds constant values related to the geometry and beginning/final loads. 
%If the probe radius and sample thickness h aren't included in the Excel 
%sheet, enter them directly here. 
R = 500; 
h = 9500; 
Ff = mean(num((L-499):L, 2)); 
Fi = mean(num(11:20, 2)); 
  
%Calculations for indent depth and factors from the Hu paper. 
delta = num(10:L, 9) - num(10:L, 2)/num(4, 5); 
alpha = 
1.15+0.44*((R*delta).^0.5/h)+0.89*((R*delta).^0.5/h).^2+0.42*((R*delta).^0.5/
h).^3+0.06*((R*delta).^0.5/h).^4; 
beta = 0.56+0.25*((R*delta).^0.5/h)+0.28*((R*delta).^0.5/h).^2-
0.31*((R*delta).^0.5/h).^3+0.1*((R*delta).^0.5/h).^4-
0.01*((R*delta).^0.5/h).^5; 
  
F = num(10:L, 2); 
t = num(10:L, 1) - num(10, 1); %The data for individual indentations start at 
non-zero times, so subtracting the first value for time will zero it. 
  
% Normalized force "NF" as used in the Hu paper. The value must be positive 
to 
% avoid taking the natural logarithm of a negative, so an absolute value 
% was taken to deal with the deviations in force value putting some values 
% beneath the final force. 
NF = (abs(F - Ff*ones(L - 9, 1))/(Fi - Ff)); 
x = 0.95 < abs(NF); % Filters out bad values near an asymptote when NF = 1. 
NFV = NF(~x); %The "V" is for "valid" 
betaV = beta(~x); 
alphaV = alpha(~x); 
tV = t(~x); 
  
%Usual fitting methods don't work due to the presence of the exponent 
%'beta', as it isn't a typical exponential function. So I inverted it and 
%averaged values for time constant "tau". 
  
%Additional filtering of outlying tau values is done. 
tau = tV./(abs(log(NFV)/-mean(alphaV)).^(1./mean(betaV))); 
stdtau = std(tau); 
y = mean(tau) + 3*stdtau < tau; 
taumean = mean(tau(~y)); 
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%Hertz contact area. 
gamma = 0.015; %surface energy 
A = pi*R*delta.*(ones(size(F)) + 3*gamma*pi*R./F + sqrt(6*gamma*pi*R*F + 
(3*gamma*pi*R).^2)./F).^(2/3).*((1.41*((R*delta).^0.5/h).^2+0.57*((R*delta).^
0.5/h)+0.5)./(((R*delta).^0.5/h).^2+0.49*((R*delta).^0.5/h)+0.5)).^2; %Hertz 
contact area 
a = sqrt(mean(A)/pi); 
D = a^2/taumean*10^-12; %Diffusivity in m^2/s. 
  
stdevFstart = num(10:L, 3); 
stdevF = stdevFstart(~x); 
stdevNFV = stdevF(~y)/(Fi - Ff); 
  
%Experimental fit. 
g = exp(-mean(alphaV)*(tV/taumean).^mean(betaV)); 
  
%Below is an optional means of reducing the number of data points to clean 
%up the graph without omitting data from the actual calculations. The 
%following will remove half the data points. 
tV(1:2:end) = []; 
NFV(1:2:end) = []; 
g(1:2:end) = []; 
  
tV(1:2:end) = []; 
NFV(1:2:end) = []; 
g(1:2:end) = []; 
  
tV(1:2:end) = []; 
NFV(1:2:end) = []; 
g(1:2:end) = []; 
  
%Comparison. 
plot(tV, NFV, tV, g) 
xlabel('time (seconds)') 
ylabel('Normalized Force') 
title('Poroelastic Relaxation Comparison for 200 and 300 Micron Indents') 
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Appendix B: Coefficient of Friction Equations with JKR Area 
Q# = -'()e 1 + 3' -(. 	+	 6-)( + 3'-( 0.
01 																									($ − 1) 
cY = 	Q#Q" = 	 -'()34 e)M.FOR 1 + 3' -(. 	+	 6-)( + 3'-( 0.
01
 
= -' (34 e)N.FOR 1 + 3' -(. 	+	 6-)( + 3'-( 0.
01
 
cY = 	-' (34 eOR 1 + 3'
-(.)N.ÉF 	+	 6-()N.F + 3'-( 0.)M.F
01 																											($ − 2) 
cd = ' (34 eOR 1 + 3'
-(.)N.ÉF 	+	 6-()N.F + 3'-( 0.)M.F
01 -i	 + 	 -ℎ	 − 	-i	 9−: 1.9l > 						 ($ − 3) 
 
 
 
 
 
